1. Introduction
===============

The prevalence of diabetes mellitus is increasing dramatically worldwide and various diabetic complications threat severely the life of diabetic patients. Epidemiological data have suggested an increased cancer rates in diabetic patients, including primary liver cancer [@B1], [@B2], pancreatic cancer [@B1], [@B3], colorectal [@B4], [@B5], endometrial [@B6], [@B7], breast [@B8], [@B9], and renal cancer [@B10]. However, the mechanism of diabetes-associated carcinogenesis is unclear.

Hyperglycemia in diabetic subjects is widely recognized as the major cause for diabetes complications, mainly via overgeneration of reactive oxygen species (ROS) [@B11]. Fact that diabetes or hyperglycemia causes DNA damage by oxidation to bases and the sugar-phosphates has been demonstrated recently [@B12], [@B13]. These DNA damages is likely responsible for the increased cancer in diabetes mellitus. Gene mutation is one of the important mechanisms of carcinogenesis [@B14]; however whether diabetes or hyperglycemia induces gene mutations has not been addressed yet. We hypothesize that hyperglycemia may induce gene mutation via ROS-induced DNA damage, and such gene mutations may be one of the important mechanisms of diabetes-associated carcinogenesis.

In this study, therefore, we have investigated the mutagenic effects in human lymphoblastoid cells treated with high level of glucose (HG) that mimic the hyperglycemia in diabetic subjects. We carried out mutagenesis studies at both X-linked hypoxanthine phosphoribosyltransferase (*hprt)* and autosomal thymidine kinase (*tk*) loci. Because p53 has been implicated in DNA damage response, mutagenesis and tumorigenesis [@B15], the status of p53 may also play a role in hyperglycemia mediated mutagenesis. We thus selected TK6, NH32, and WTK1 cells in this study since all these three lines were derived from same donor but differed in p53 status; TK6 has wild-type p53, NH32 has null p53, and WTK1 has mutant p53 (ile237) that is one of the most common mutations of p53 gene in human cancers and has been found to promote mutagenesis [@B16]. In addition, we studied the influence of antioxidant treatment on HG-induced mutagenesis.

2. Materials and Methods
========================

Cell culture
------------

Human lymphoblast cell lines TK6, NH32, and WTK1 are derived from Epstein-Barr virus transformed WI-L2 line. TK6 contains a wild-type p53 gene, NH32 contains null p53 mutation, and WTK1 harbors hemizygous or homozygous p53 mutation (p53ile237) and contains no wild-type p53, thus, mutation assay data obtained from these cell lines can provide useful information about the role of p53 in mutagenesis [@B17]. All lines were derived from a male and there is only one copy of X-linked *hprt* gene, which makes both lines applicable to carry out mutagenesis study at *hprt* locus. In addition, all lines are heterozygous for the autosomal *tk* gene on chromosome 17q21-23, which makes them widely used in mutagenesis studies at autosomal locus [@B18]. All cell lines were maintained as exponentially growing cultures in RPMI 1640 medium supplemented with 10% heat inactivated horse serum, 100u/ml penicillin, and 100μg/ml streptomycin. Cultures were incubated at 37^o^C in 5% CO~2~ and 100% humidity and maintained at densities of 1-10 × 10^5^ cells/ml. Cultures were treated with either 22 mmol/l D-glucose (Sigma) to mimic hyperglycemia condition in patients, or 5.5 mmol/l glucose as control. To exclude a hyperosmolar effect, we added extra 16.5 mmol/l mannitol (Sigma) in control cultures. N-acetyl-L-cysteine (L-NAC) was purchased from Sigma and added to culture at final concentration of 10mM/l. NAC treatments were carried out daily for 2h. After culturing with glucose for varying time periods, the cultures were washed with normal medium and the cells were subjected to mutation assay.

Mutation assay
--------------

We use both *hprt* and *tk* as marker genes to study mutagenesis. Both genes code for non-essential salvage pathway enzymes involved in nucleotide metabolism and are similar in that any mechanism which eliminates gene function will produce a mutant, thus, the mutants will be selected easily by colony forming assay when cells are cultured in selective agents. We used our standard protocol to carry out mutagenesis study [@B18]. Briefly, prior to be used in mutation assay, cells were grown in CHAT medium (complete RPMI 1640 medium with 10^-5^ M deoxycytidine, 2×10^-4^M hypoxanthine, 2×10^-7^ M aminopterin, and 1.75×10^-5^ M thymidine) for 2 days to reduce the background *hprt^-^* and *tk^-/-^* mutants. The cells were then allowed to recover for 1 day in THC (10^-5^M deoxycytidine, 2×10^-4^M hypoxanthine, and 1.75×10^-5^ M thymidine). At various days after glucose treatment, cultures were grown in normal medium for either 3 or 6 days to allow the expression of mutant phenotype; 3 days for *tk^-/-^* and 6 days for *hprt^-^* mutants. After expression, cells were seeded into 96-well plates at various densities in the presence of selective agents; 0.5μg/ml 6-thioguinine to select *hprt^-^* mutants or 2μg/ml trifluorothymidine (TFT) to select *tk^-/-^* mutants. For *hprt^-^* mutant selection, cells were seeded at a density of 20000 cells/well in 0.2ml medium/well. For *tk^-/-^*mutant selection, TK6 and NH32 cells were seeded at a density of 20000 cells/well in 0.2ml medium. WTK1 cells were seeded at a density of 20000 cells/well in 0.2ml medium. Cells from each sample were also seeded at 1 cell/well in the absence of selective agents to determine plating efficiency (PE). The colonies cultured with 6-thioguinine were determined to be *hprt* mutants and scored at 11 days after seeding. The colonies cultured with TFT scored at 11 days are classified to be *tk* normal growth mutants (*tk-NG*). For plates for selecting *tk^-/-^*mutants, 0.02ml of 20μg/ml TFT was refed to restore the concentration of TFT since TFT is unstable in medium and extended incubation causes TFT to degrade, resulting in an outgrowth of wild type colonies which escape initial selection. After refeeding, the plates were incubated for another 10 days, and the newly formed colonies were classified to be *tk* slow growth (*tk-SG*) mutants [@B19]. The sum of *tk-NG* and *tk-SG* were determined to be overall mutants.

Statistical Analysis
--------------------

Statistical analyses were done on the means of the data obtained from three independent experiments. All results were presented as means ± SD. Significance was assessed by using student\'s*t* test at p \< 0.05.

3. Results and Discussion
=========================

Previous studies have demonstrated that DNA damage-caused mutations at autosomal *tk* locus include *tk-NG* mutants that arise 11 days after plating with similar growth rate to their parental cells, and *tk-SG* mutants that arise 21 days after plating with slower growth rate than their parental cells [@B19]. At*hprt* locus, all mutants arise at 11 days after plating with similar growth rate to their parental cells. It is well-known that the different molecular natures of DNA damage led to the formation of various mutants; large genetic alterations that affect cell-growth-related genes around *tk* locus are responsible for the slow growth phenotype in *tk-SG* mutants, whereas small genetic alterations that does not affect cell-growth-related genes around *tk* locus and *hprt* locus are responsible for the phenotype of the normal growth in *hprt* and *tk-NG* mutants [@B19]. We, therefore, measured the MFs for both *hprt* and *tk* loci at different days after HG-treatment in three cell lines. As seen in Fig. [1](#F1){ref-type="fig"} and Fig. [2](#F2){ref-type="fig"}a, all cell lines showed an increase in the MFs at *hprt* locus and at *tk* locus at 21 and 28 days after HG treatment, compared with control (p\<0.05). A trend of increase without statistical significance in NH32 cells (p\>0.05) and significant increase in WTK cells (p\<0.05) were also found at 14 days after HG-treatment. Induction of the two locus mutations (autosomal *tk* and X-linked *hprt*) in the three cell lines exposed to HG for 21 days strongly indicates the mutagenic effect of HG.

Gene mutations can be formed at different scales, either small deletions of the entire genes of *hprt* or *tk* or larger deletions that span one or more genes. The latter will not be detectable because the affected cells would not survive. Therefore, large genetic alterations along X-linked *hprt* locus are lethal and escape the mutagenic assay. However, because of the presence of the homologous chromosome and genes, large multilocus deletions of autochromosome genes such as *tk* locus remain detectable in mutagenic assay [@B19]. Therefore we further examined the effects of HG on mutations of *tk-NG* and *tk-SG* separately (Fig. [2](#F2){ref-type="fig"}b,c). It is shown that there was no increased *tk-SG* in TK6 and NH32 cells even at 28 days after HG treatment, while MFs of *tk-SG* was slightly increased without statistical significance at day 14 and 21 (p\>0.05) and significantly increased at day 28 (p\<0.05) after HG treatment (Fig. [2](#F2){ref-type="fig"}c), suggesting that increased *tk-NG* is mainly responsible for the overall increased MF at *tk* locus in TK6 and NH32 cells, while both *tk-NG* and *tk-SG* mutations occur in WTK1 cells in response to HG.

Apparently, the difference for the onset time in *hprt* and *tk-NG*mutation, and mutation types among three cells lines is related with p53. In contrast to p53 wild type TK6 cells, both NH32 with a null p53 and WTK1 cells with a mutant p53 showed an early onset of HG-induced mutagenesis. In addition, WTK1 cells showed an increased MF for *tk-SG* at 28 days after HG treatment, which is different from TK6 and NH32 cells. p53 is a transcription factor that serves as a potent tumor suppressor. Inactivating mutations in the p53 protein are found in over 50% of cancers, suggesting loss of p53 function provides a selective advantage to tumor cells that may contain gene mutation [@B20]. Mutation of p53 sensitizes cells to endogenous and environmental mutagens. For example, compared to TK6, WTK1 cells are approximately 10 folds more, and NH32 cells are approximately 1.5 folds high sensitivity to ionizing radiation-induced mutagenesis [@B17], [@B18]. Upon DNA damage, cells utilize multiple DNA repair pathways to mend damaged DNA including nucleotide excision repair, mismatch repair, base excision repair, homologous recombination, and non-homologous end joining pathways. p53 involves in all these DNA damage repair pathways by either direct association with or transcriptional modulation of the key players in the above repair pathways [@B20]. Impairment of the above pathways results in unfaithful repair of DNA damage that may lead to increased mutagenesis. These may explain why NH32 and WTK1 cells display an early onset and high incidence of gene mutations (Fig. [1](#F1){ref-type="fig"}, Fig. [2](#F2){ref-type="fig"}b) since the lack or mutant of p53 function may impair DNA repair mechanisms. However, it should be mentioned that the DNA repair by homologous recombinational activity was found remarkably increased in WTK1 cells due to the mutant p53 function, i.e.: about 7-folds higher than that in TK6 cells. The increased homologous recombinational DNA repair activity would improve the large scale DNA damage via loss of heterozygosity and be thus related with slow growth phenotype [@B16]. This suggests that in WTK1 cells, the mutant p53 significantly increased abnormal homologous recombinational repair in response to HG, leading to an increased large-scale DNA damage, such as *tk-SG*.

It has been noted that ROS-induced DNA damage is mainly small scale, such as base pair substitution, small scale insertion and deletions [@B21]. We have shown that cells produce ROS in response to HG treatment [@B22], [@B23]. In consistent with these studies, we demonstrated in the present study that there is predominant increase in *tk-NG* (Fig. [2](#F2){ref-type="fig"}b) that most likely contributes to the increase in *tk*-overall gene mutations (Fig. [2](#F2){ref-type="fig"}a), suggesting the possible role of HG-induced ROS in the induction of gene mutations. To further define the direct link of HG-induced ROS to gene mutations, we demonstrated that the addition of ROS scavenger NAC in the cultured cells exposed to HG partially, but significantly, prevented HG-induced *hprt* and *tk-NG*MFs (Fig. [1](#F1){ref-type="fig"} and Fig. [2](#F2){ref-type="fig"}).

The exact explanation of why NAC partially prevents HG-induced gene mutations is unclear based on the present study, however, it may be related to the fact that gene mutation is related both DNA damage and repair process, i.e.: either increase in DNA damage or decrease in DNA repair ability. Diabetic hyperglycemia or HG has been extensively documented to inactivate protein action such as antioxidants and enzymes by glycation or nitration [@B24], [@B25]. NAC may be unable to prevent protein glycation, and thus unable to prevent the contribution of glycation-inactivated DNA repair enzymes to HG-induced DNA damage and consequently gene mutations. In addition, glyoxal as an intermediate of HG metabolism was found to induce DNA base damage via ROS-independent pathways [@B13]. Therefore, the present study shows only partial prevention of NAC against HG-induced gene mutations (Fig. [1](#F1){ref-type="fig"} and Fig. [2](#F2){ref-type="fig"}).

4. Conclusion
=============

In summary, we have shown that HG treatment leads to increased mutagenesis in human lymphoblastoid cells. ROS may play partial role in HG-induced mutagenesis, and null or mutant p53 function makes cells more susceptible to HG-induced mutagenic effect. Thus, the present study provides the first and direct evidence for HG-induced gene mutations, which provides novel insight into understanding the mechanism of cancer risk in diabetes mellitus.
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HG-induced mutagenesis at *tk* locus. At indicated days after HG treatment, TK6, NH32, and WTK1 cells were collected for mutagenesis study. Panel a is for overall MF, panel b is for *tk-NG* MF, and panel c is for *tk-SG* MF. \* p\<0.05 compared to control, \# p\<0.05 compared to HG-treatment.
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